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ABSTRACT: The assignment of the aliphatic 'H and 13C resonances of IL-10, a protein of 153 residues and 
molecular mass 17.4 kDa, is presented by use of a number of novel three-dimensional (3D) heteronuclear 
NMR experiments which rely on large heteronuclear onebond J couplings to transfer magnetization and 
establish through-bond connectivities. Thwe 3 D NMR experiments circumvent problems traditionally 
associated with the application of conventional 2D 'H-l H correlation experiments to proteins of this size, 
in particular the extensive chemical shift overlap which precludes the interpretation of the spectra and the 
reduced sensitivity arising from 'H line widths that are often significantly larger than the 'H-'H J couplings. 
The assignment proceeds in two stages. En the first step the I3Ca chemical shifts are correlated with the 
NH and "N chemical shifts by a 3D tripleresonance NH-15N-13Col (HNCA} correlation experiment which 
reveals both intraresidue NH(i)-15N(i)-13C:,(i) and some weaker interresidue NH(i)-'SN(i)-Ca(i---l) 
correlations, the former via intraresidue one-hnd IJNCa and the latter via interresidue two-bond 2JNca 
couplings. As the NH, 15N, and c"H chemical shifts had previously been sequentially assigned by 3D l€I 
Hartmann-Hahn I5N-lH multiple quantum coherence (3D HOMA-HMQC)  and 3D heteronuchr 'H 
nuclear Overhauser * 5N-1 H multiple quantum coherence (3 D NOBY-HMQC) spectroscopy [ Driscoll, 
P. C., Clore, G .  M., Marion, D., WingfieId, P. T., & Gronenborn, A. M. (1990) Biochemktty 29,3542-35561, 
the 3D tripleresonance HNCA correlation experiment permits the sequencespecific assignments of 13Ca 
chemical shifts in a straightforward manner. The second step involves the identification of side-chain spin 
systems by 3D 1H-13C-'3C-1H correlated (HCCH-COSY) and 3D 'H-"C-"C-'H total correlated 
(HCCH-TOCSY) spectroscopy, the Iatter making use of isotropic mixing of 13C magnetization to obtain 
relayed connectivities along the side chains. Extensive crm-checks are provided in the assignment procedure 
by examination of the connectivitia between 'H resonances at ali the corresponding shifts of the directly 
bonded I3C nuclei. In this manner, we were able to obtain complete 'H and I3C sidechain assignments 
for all residues, with the exception of 4 (out of a total of 15) lysine residues for which partial assignments 
were obtained. The 3D heternnuclear correlation experiments described are highly sensitive, and the required 
set of three 3D spectra was recorded in only 1 week of measurement time on a single uniformiy 15NJt3C- 
labeled 1.7 mM sample of interleukin-l@ This first example of the essentkdly complete sidechain assignments, 
of a protein with a molecular mass greater than 15 kDa by heteronuclear 3D NMR methods provides a 
basis for the determination of a full high-resolution three-dimensional structure of interleukin-t /3 in solution. 

I 

Interleukin-ID (IL- lB)I is a member of the  cytokine family 
of proteins, which play a central role in the immune and 
inflammatory responses. It is a protein of 153 amino acids 
with a molecular mass of 17.4 kDa, and its wideranging 
biological activities include stimulation of B-lymphocyte 
proliferation and fever induction [see Oppenheim et al. (I986), 
Dinarello (198S), and Moore (1989) for reviews]. In two 
recent papers we presented the complete assignment of the 15N 
and 'H resonances of the polypeptide backbone of IL- E@ and 
the determination of its secondary structure and molecular 
topology using 3D heteronuclear 'H-15N NMR spectroscopy 
(DriscolI et al., 199Oa,b). At that time only a limited number 
of 'H sidechain resonance assignments were obtained owing 
to two factors. First, the sensitivity of homonuclear J corre- 
lation experiments (COSY, P.COSY, DQF-COSY, HOH- 
AHA, etc.) is reduced in larger proteins owing to their slow 
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tumbling, which results in 'H line widths that are often sig- 
nificantly larger than many of the IH-'H couplings. As a 
result, only a limited number of relayed through-bond con- 
nectivities were observed in the 'H-15N 3D HOAAHA- 
HMQC experiments, thereby preventing in the majority of 
cases the correlation of NH chemical shifts with those of 
side-chain protons (C& and beyond). Second, extensive 
chemical shift overlap in the aliphatic region of the 2D 'H-IH 

Abbreviations: L I B ,  interleukin-la; COSY, mrrelated spectrm- 
copy; HOHAHA, homonuclear Hartmann-Hahn spectroscopy; nxSY, 
total correlated sptroscopy; HMQC, fieteronudear multiple quantum 
correlation spectroscopy; DQF-COSY, doubte quantum filtered corm 
lated s p c t m p y ;  P.COSY, primitive correlated spectrosmpy; HNCA, 
3D triple-resonance NH-'5N-L3Ca correlation spectrosmpy; RCCH- 
COSY, 3D LH-'3C-'4C-1H correlation spectrmcow via lJCc carbon 
couplings; HCCH-TOCSY, 3D LH-'3C-L3C-1H total correlation s p  
tmcopy with isotropic mixing of 13C magnetization; 'H-I3C NOESY- 
HMQC, 3D heternnuclear 'A nuclear Overhauser 13C-'H multiple 
quantum Eaherenoe speFtmsoopy; 'H-15N NOSY-HMQC, 3D hetem- 
nuclear 'H nuclear Overhauser 'SN-LH multiple quantum coherence 
spectroscopy; H-"N HQBAHA-HMQC, 3D heteronuclear [Ii Hart- 
rnann-Hahn I5N-'H multiple quantum coherenoe spectmmpy; NOE, 
nucIear Overhauser effect; rf, radiofrequency. 
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P.COSY and HOHAHA spectra, coupled once again with 
only limited relayed transfers in the relayed COSY and 
HOHAHA spectra, rendered assignments difficult, particu- 
larly for the longer side chain amino acids. 

To circumvent these problems, we have resorted to tech- 
niques that do not rely on the poorly resolved IHJH J mu- 
plings to establish through-bond connectivities but, instead, 
utilize the well-resolved one-bond 'H-W, I3C-l3C, 'H-W, 
and I 5 N - T a  J couplings to transfer magnetization (Kay et 
al., 199Qa,b; lkura et al., 1990a; FEik et al., 1990; Bax et al., 
1990a,b). In this paper, we demonstrate that a variety of 3D 
experiments based on these heteronuclear couplings enable 
assignments of the side-chain 'H and I3C resonanca to be 
obtained with relative ease. The strategy invoIved comprise 
two stages. In the; first step the NH and 15N chemical shifts, 
which had been previously assigned from the 3D IH-I5N 
NOESY-HMQC and HOHAHA-HMQC spectra (Driscoll 
et al., 1990a), are correlated with I3Ca chemical shifts by use 
of a triple-resonance 3D correlation experiment. This is 
iollowed by the second step in which the identification of 
side-chain spin systems is achieved by 3D 1H-13C-'3C-1R 
(HCCH)-COSY and HCCH-TOCSY spectrosoopy. The 
latter is a hybrid of the HCCH-COSY (Kay et al., 199Oa; Bax 
et al., 1990a) and CCH-TOCSY (Fesik et a]., 1990) exper- 
iments and utilizes isotropic mixing of I3C magnetization to 
obtain relayed connectivities along the side chain. By this 
mean, we were able to obtain, with the exception of only 4 (out 
of a total of 15) lysine, complete 'H and I3C assignments for 
the sidechain resonances of IL-18. These assignments lay the 
groundwork for interpreting the 3D IH-I'N and IH-l3C 
NOSY-HMQC spectra, as well as the 4D 13C/15N and 
13C/13C edited NOFSY spctra (Kay et al., I99Oc), to obtain 
a large number of approximate interproton distance restraints 
required for a full high-r~olution threedimensional structure 
determination of IL-1/3 in solution. In addition, the I3C as- 
signments provide a large database of 13C chemical shifts in 
proteins, supplementing the data previously avaifable on iso- 
lated amino acids and small peptides. 

EXPERIMENTAL PROCEDURES 
IL-10 Preparation a d  13C and ?Nhbeling. Recombinant 

Il-l,? was prepared with Escherichia coli harboring the ex- 
pression vector derived from pPLc24 (Buell et aI., 1985) in 
which II-lg is expressed under the control of bacteriophage 
XPL promoter and the ribosome binding site of the bacterio- 
phage Mu ner gene (Wingfield et al., 1986). Uniform 15N 
and I3C labeling to a level of >95% was obtained by growing 
the bacteria in minimal medium with I5NH4CI and [13C6]- 
glucose (Esotec Inc. and MSD Isotopes) as the sole nitrogen 
and carbon sources, respectively. IL-16 was purified as de 
scribed previously (Wingfield et aI., 1986; Gronenborn et al., 
1986). The sample for the NMR experiments contained 1.7 
m M  uniformly 1sN/'3C-Iabeled ILlg  in 90 m M  sodium 
phosphate buffer, pM 5.4, dissolved in either 99.996% D,O 
(for the 3D EICCH-COSY, HCCH-TOCSY, and 13C-'H 
NOESY-HMQC experiments) or 909 H20/10% D,O (for 
the 3D HNCA experiment). 

NMR Specfroscopy. All NMR experiments were carried 
out at 36 "C on either a Bruker AM600 or a Bruker AM500 
spectrometer, operating in the ureverse" mode. The pulse 
sequences used for the 3D tripleresonance HN-15N-13Ca 
correlation experiment (HNCA; lkura et al., 1990a; Kay et 
a]., 1990b) and the 3D double-resonance HCCH-COSY (Kay 
et al., 1990a; Bax et al., 1990a) and HCCH-TOBY (Bax 
et ai., 1990b) experiments have been described-in detail p r e  
viously and therefore will only be summarized below. 

i 
I 

Biochemistry, Vol. 29, Nu. 35, €990 8173 

The pulse sequence for the 3D HNCA experiment is 
I t 3  w- l&@w l 8 4  90, 180, Wx WK-T-184+Aq 

I5N 180+,1 9O+yti/% 4IR-8 lM+$ -894, 1 8 4  Dec 

13c 180, Ww-tfl- -t$VWx 

13m c aeMuplt 3 

The phase cycling used is as folIows: $1 = x,-x; 42 = y,-y; 

= x,-x,-x,x,-x,x~,-x. The phases #3 and 94 are indepnd- 
ently incremented by 90' to generate oomplex data in the t, 
and tz  dimensions, respectively, and quadrature detection in 
both the tl and tz dimensions is achieved according to the 
TPPI-States method (Marion et al., 1989). The delay 6 (33 
ms) is adjusted to an integral value of 1 /JNH to ensure that 
I5N magnetization remains antiphase with respect to the 
coupled proton and to approximately 1J(3JNh) to minimize 
relaxation losses and optimize transfer between the ISN and 

spins where significant lW-l3C!a coupling is pment.  The 
deIay T is set to 2.25 ms, slightIy shorter than 1J(4JNH) to 
minimize relaxation losses. The HNCA experiment was re- 
corded on a 500-MHz spectrometer equipped with a 5-mm 
triple-resonance probe head with the inner Coil tuned to 'H 
and %I and the outer coil. tuned to 13C and 15N. The 15N 
pulses were generated by the X channel of the spectrometer, 
while the War and 'WO pulses were generated with two 
additional frequency synthesizers. l 3 C 0  and 15N decoupling 
were achieved with GARP (Shah et a!., 1985) and WALTZ 
(Shah et aI., 1483) mdulation, respectively. The 'H carrier 
was placed at 8.67 ppm, the 15N carrier a t  1 13.5 ppm, and 
the I3Ca carrier a t  56 ppm. Suppression of the water reso- 
nance was carried out with off-resonance DANTE-style p r e  
saturation of the H20 signal ( b y  et al., 1989). A total of 
32 complex 6' (' W), 64 complex t2 (TI ,  and 5 12 real t3 ('H) 
data points were collected with acquisition times of 30.08 ( t , ) ,  
14.85 &), and 64 ms ( r 3 )  and spectral widths of 1064.28 Hz 
(ill, 4310 Hz (6J, and 4wH) Hz (r3). The total measurement 
time for this experiment was approximately 32 h. 

The pulse sequence for the 3D HCCH-COSY experiment 
is 
1H Wyl-tlP- -I$- 9001 1% 1% %3 

13m '8007 

43 = X ;  44 = 2(~),2(-~); $5 = 4(~),41y), 4(-~),4(-~); Acq 

I3C 1 8 % ~  ~ - l S O ~ - ~ ~ - I f l d l -  4 ~ 1 ~ 4 1 4 Q ~ - A 4 2 - 1 ~ A ~  -- 

In 18% -m 
I3c . ~1m~<-w#4gm 

The phase cycling for both experiment is as follows: rp I = y,-gt; 
42 = 4~~).4cv),4(-x),4(-~); 43 = 8(~),81-x); 44 = 2(~),2(-4; 
95 = ~ ( ~ ) , ~ C V > , ~ ( - X ) , ~ C - V ) ;  $6 = 4(xS74(-Jr); 47 = 8 ( ~ ) , 8 ( ~ ) ;  
Acq = 2(x,-x,-x,x),2(-x,x,x,-x). Quadrature detection in 
the 1, and tz dimensions is obtained with the TPPI-States 
method (Marion et aI., 1989) using $1 = 16(x),I6(y) and $2 
= 32(x),32(y). Each time 6, is incrernented, the receiver 
reference phase and $1 are incremented by l8Oo; similarly, 
each time t ,  is incremented, the receiver phase and $2 are 
incremented by 180". Data obtained for $1 = XJ and $2 = 
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xy are stored separately and processed as complex data. The 
180,3 and 180@ pulses are cornpasite 180' pulses (of the 
90,18O,9Ox variety). The IH and 13C Carriers were positioned 
at  3 and 43 ppm, swpectively. The carbonyl 130, pulse used 
to demuple the carbonyls is applied as a DANTE series (Kay 
et al., 1989) consisting of eight cycles of six 4'-5O pulses, with 
the phase of each successive pulse decremented by 60". The 
duration of each cycle is set to l / S  (-5MO ps), where 6 is 
the offset of the carbony1 resonances from the 13C rf carrier. 
I n  the case of the HCCH-TOCSY experiment, the duration 
of the spin-lock trim pulse (SL) is 2 ms, and all the pulses of 
the DIPSIJ isotropic mixing sequence (Shaka et al., 1988) 
are applied along the =ky axis with a 7-kHz rf fieldd strength. 
The length used for the DIPST-3 isotropic mixing period was 
24 ms. The delay 7 is set to 1.5 ms, slightly less than l/(4Tm); 
the delays 61 and 62 are set to --1/(6Jm) - 1.1. ms, and the 
delay A+61 is set to - 1 /(SJm) - 3.25 ms. To eliminate the 
need for phase correction in the F, dimension, the duration 
of the composite 180° I3C pulse (100 ps) was added to the 
7 delay between the 180, and go,, 'H puIses. In the F, di- 
mension, phase correction is eliminated by applying the ISO,, 
'H puke at  the end of the first 61 interval. I3C decoupling 
during the acquisition period (r3) k achieved with GARP 
(Shaka et al., 1985) mdulation. The HCCH-COSY PX- 
perirnent was recorded at 600 MHz while the HCCH-TOBY 
QW was d e d  at 500 MHz. A total of 128 complex 1, (lH), 
32 complex tz (W), and 512 real t, ('H) data points were 
00lIectad for both experiments with acquisition timas of 28.16 
( t t ) ,  10.24 ( t z )  and 47.62 (t3) ms for the  WCCH-COSY ex- 
periment at 600 MHz and acquisition h e s  of 33.79 ItI), 12.29 
(I?), and 51.2 (t3) rns for the HCCH-TOCSY experiment at  
500 MHz. Thus, the spectral widths in the FI and F, di- 
mensions were the same for both experiments, 7.57 and 20.71 
ppm, respectively, while the F3 spectral width was 8.96 ppm 
for the HCCH-COSY experiment and 10 ppm for the HCCH- 
TOCSY experiment. The total measurement time for each 
experiment was approximately 70 h. Because the F2 spectral 
width for b t h  experiments was set to 20.7 1 ppm, extensive 
folding occurs in this dimension, and each I3C slice contains 
resonances mesponding to three different '% chemical shifts. 

fn addition to the three correlation experiments, we also 
m r d e d  a 'HJC NOESY-HMQC experiment (Ikura et al., 
1990b; Zuiderweg et al., 1990) at  600 MHz with a 130-ms 
(7,) NOESY mixing time using the pulse sequence 

'H 9341- ti -90x<m-wW- '8%2 ACq 

'9c DCC A-wyrlfl- -t*o,d-k 

with phases 42 = 4{x),41y) and Acq = x,~(-x),x,-x,~(x),-x. 
Quadrature in F, and F2 is obtained with the TPPI-States 
method (Marion et al., 1989), with 41 = 4(x,-x),4cv;-Y) and 
# = 4[2(~),2(-~)],4[2(y),2(-y)] and data for $1 = x y  and 
# = xly being stored separately to be processed as complex 
data. Each time tl is incremented, #I and the receiver phase 
are incremented by 180'; and similarly, each time t ,  is in- 
cremenkd, $ and the reoeiver phase are incremmted by 1 80°. 

decoupling during the t, and acquisition perids is achieved 
with GARP (Shaka et aI., 1985) modulation. The delay A 
is set to 3 ms, slightly less t h u  1 /(2JcH). For convenience 
the initial tz  delay is adjusted such that the phase correction 
in F2 is -180° for the first-order phase and 90' for the 
zero-order phase by setting At&! = [q80(1H) f ~ T ~ ( I ~ C ) / T  + tz(0)]  by appropriate adjustment of ~ ~ ( 0 )  (where At, is the 
increment used in the tz dimension). The carrier was placed 
at  3.5 pprn and the I3C carrier a t  71.8 ppm. A total of 128 
complex tl ('HI, 64 complex It (I%), and 5 12 real t ,  ('€3) data 
pints were collected with acquisition times of 24.32 (t ,) ,  10.24 

( tz) ,  and 47.62 (t3) ms, corresponding to sweep widths of 8.76 
(F,), 41.42 (Fa, and 10.41 (F3) ppm Thus, the sweep width 
employed in the 'e F2 dimension was exactly doubIe that used 
for the HCCH-COSY and HCCH-TOCSY experiments. By 
this means, any possible ambiguities in 13C chemical shifts 
arising from folding are easily resolved by comparing the two 
sets of experiments. In addition, the NOESY-HMQC spec- 
trum provides an easy means of assigning the l3C chemical 
shifts of aromatic carbons bound to protons. 

Processing of3D Spectra. All 3D NMR experiments were 
processed on a Sun Sparc workstation using a simple in- 
house-written routine for the F2 Fourier transform together 
with the Oommercidly availabIe software package N M R ~  (New 
Methods Research, Inc., Syracuse, NY) for processing the 
Fl-F3 pIanes, as described previously (Kay et al., 1989). 
Zero-filling (once in each dimension) was empIoyed to yield 
a fmI absorptive spectrum of 128 X 64 X 5 12 data points for 
the HNCA spectrum, 256 X 64 X 512 data points for the 
HCCH-COSY and HCCH-TOCSY spectra, and 256 X 128 
X 512 data points for the NOESY-HMQC spectrum. The 
weighting function applied in the Fl and F3 dimensions was 
a singly 6Q0-shifted sine bell window function, while a doubly 
shifted sine be11 function, shifted by 60° at the beginning of 
the window and loo at the end of the window, was used in 
the F2 dimension (Kay et al., 1989; Driscull et al., 1990a). 

RESULTS AND DISCUSSION 
The NH, C"H, and IsN chemical shifts had previously been 

assigned unambiguously by the 3D l W 5 N  HOHAHA- 
HMQC and NOESY-HMQC experiments (Driscoll et al., 
199Oa). Bemuse of extensive overlap of C% chemical shifts, 
a helpful first step in the assignment of side chains involves 
the sequencespific identification of 13Ca chemical shifts. 
For larger proteins with many degenerate chemica1 shifts, 
the I3Ca shifts cannot simply be determined by recording a 
2D 'H-'% shift correlation spectrum (Brfhweiler & Wagner, 
l986), and a more sophisticated approach is required. To 
correlate the c*H and l3Ca chemical shifts of a given residue 
unambiguously, we proceeded to use the 3D NH-15N-13Ca 
(HNCA) tripleresonance correlation experiment, which links 
the intraresidue NH, I5N, and 13Ca chemical shifts via the 
large (95 Hz) onebond 'JNH coupling and the relatively smaII 
(8-12 Hz) onebond intraresidue coupling (Ikura et al., 
1990a; Kay et al., 1990b). Briefly, the HNCA experiment 
transfers magnetization originating on an NH proton to its 
directIy bonded 15N spin via an INEPT sequence, folIowed by 
the evolution of I5N chemical shifts during the period t,. 
Subsequent application of 90' p u k  to both 'H and spins 
establishes threespin NH-15N-13Ca coherence, and the ev- 
olution of solely I3Ca chemical shifts during the period t2 is 
ensured by refocusing of 'H and 15N chemical shifts through 
the application of 'H and 15N 180° pulses at  the midpoint of 
the tz period. Magnetization is then trmsferrd back to the 
NH protons by simply reversing the above procedure. The 
end result is a 3D spectrum in which each peak is labeled by 
W, I3Ca, and NH chemical shifts in the F,, F,, and F3 
dimensions, respectively. 

Several slim of the 3D HNCA spectrum at different W- 
IF,) chemical shifts are shown in Figure 1. It will be noted 
that, in addition to the intraresidw NH(i>-15N(i)-Ca(i) 
correlations, there are also wertker interresidue NH(i)-I5N- 
( i ) -Ca l ( t l )  correlations which arise via the small (17 Hz) 
two-bond 2JNca interresidue coupling. A total of 61 such 
sequentiaI connectivities were observed, all of which confirmed 
the previous assignments. Further, these interresidue twebond 
J connectivities enabled us to obtain the I3Ca chemical shift 
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FIGURE 1: Representative slices at six different 'm(F1) chemical shifts of the 3D HNGA spmtrum of uniformly 1SN/i3C-labeled L I S .  The 
intramidue NH(iJ-lsN(~J-lWfl ConPelatiMls are indicated by the residue name and number, while the weaker interresiaue NH(i)-35N(i)--'3crY(i-1) 
cross-peaks are indicated by residue number only. 

assignments for seven of the eight proline residues [see for 
example the Val-3(NH)-VaF3('5N)-Pro-2f'3Cor) crass-peak 
at SIsN = I19 ppm in figure 11. From the HNCA experiment 
alone we were able to obtain the chemical shifts for all 
but nine residues (Ala-1, Ser-17, Asn-53, Leu-62, Lys-63, 
Pro-91, Ser- 1 14, He-143, and Thr-144) which did not show 
any correlations peaks. This m a y  lx due to either significant 
h e  broadening of the NH, IsN, or 13Ca line widths or to a 
reduction in NH resonance intensity arising from NOE effects. 
The latter is due to the selective presaturation empIoyed to 
suppress the water signal and may involve either bound water 
or CuH protons degerate with the water resonance or rapidly 
exchanging sidechain amide and guanidinium groups. In the 
case of Leu-62 and Lys-63, the absence of HNCA correlation 
peaks is in a11 likelihood due to the large 15N line widths for 
these two midues arising from exchange contributions to T2 
(Clore et al., 199Ob). 

With all the C W  resonance assignments in hand, together 
with the large majority of 13Ca assignments obtained from the 
HNCA experiment, it is now possible to use the HCCH- 
COSY (Bax et aI., 1990a) and HCCH-TOCSY (Bax et al., 
1990b) experiments to delineate the amino acid spin systems. 
The basis of the two experiments is similar, and they make 
use of the well-resolved onebond lH-I3C (-140 Hz) and 
t3C-t3C (3*40 Hz) J couplings to transfer magnetization, 
thereby circumventing the problems associated with conven- 
tional methcdologies (e.g., 'H-'H COSY, HOHAHA, etc.) 
which rely on the poorly resolved (<I2 Hz) ]H-% J OOupIings. 
The schem for the two experiments is abo similar. In the 
first step, lJd magnetization from a proton is transferred to 
its directly banded l3C nucleus via the lJCH coupling in an 
INEPT-type manner. In the second step, I3C magnetization 
is transferred to its I3C neighbr(s) via the ' J ,  coupling. In 
the case of the HCCH-COSY experiment, this is achieved by 
a 90' I3C COSY mixing puke so that magnetization is O R ~ Y  
transferred from a 13C nucleus to its directly bonded 13C 
neighbors; in the HCCH-TOCSY experiment, on the other 
hand, isotropic mixing of 13C spins is achieved such that both 
direct and multipIe relayed magnetization transfer occurs dong 
the carbon chain (Faik et al., 1990; Bax et al., 1990b). Fi- 
nally, I3C magnetization is t r a n s f e d  back to IH via the lJCH 

'H F3 

FIGURE 2 Schematic diagram of two slices of an HCCH spectrum 
a i  different y3C(F2) chemical shifts showing the diagonal and 
cross-peaks expected for a simple two-spin system. The diagonal p&s 
are represented by circles and the  cross-^^ by squares. Note that 
each stice is asymmetric about the diagonal, and cross-peak only 
a p p r  in the F3 dimension. This is due to the fact that magnetization 
OrigiMtiIIg from a proton attached to a given nucleus is only visible 
in the F2 slice corresponding to the I3C chemical shift of this particular 
*3C nucleus. The corresponding cross-peak at the other side of the 
FI = F3 diagonal is found in the slim taken at the 13C frequency o f  
the destination carlmn. 

coupling. The final result is a 3D spectrum in which each 
'H(F1)-'H(F3) plane has an appearance similar to that of a 
2D 'H-lH COSY or HOHAHA/TOCSY experiment but is 
edited by the I3C chemicaI shift of the ' C  nucleus directly 
bonded to the 'H at the diagonal position from which 
magnetization originates. Further, in contrast to the 2D 
correlation experiments, the cross-peaks in each plane do not 
OcGur symmetrically on either side of the diagonal. This is 
represented diagrammatidy in Figure 2. Consider the case 
where magnetization is transferred from proton A to proton 
3. In the plane corresponding to the 13C chemical shift of the 
I3C nucleus directly bonded to proton A where magnetization 
originates, a correlation is observed between a diagonal peak 
at (FlJ3) = (8*,hJ and a cross-peak at (Fl,F3) = (a&) in 
half of the spectrum. The symmetric correlation between the 
diagonal peak at CFl,F3) = (a&) and the cross-peak at (Fl,F3) 
= (fiB,S,) is then seen in the plane corresponding to the I3C 
chemical shift of the I3C nucleus directly bonded to proton 
B. By this means, unambiguous checks on the assignments 
are afforded at  each step in the proms, which are made all 
the easier as the '% chemiml shifts for different carbon types 
are located in characteristic regions of the 13C spectrum with 
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FIGURE 3: Selected slices at different I3C(Fd chemical shifts of the HCCH-COSY spectrum of uniformly L5N/t3GIabeled ILl& principally 
illustrating aonnmtivities involving GIy and Ser residues. Note, that owing to the small sweep width (20.71 pprn) empIqed in the I3C(Fd 
dimension, extensive folding occurs, so that each slice corresponds to severaI 13C chemical shifts with a separation of 20.71 ppm. Note that 
the separation between successive dices in the F, dimension is 0.32 ppm (48 Bz), $0 that ms-peaks originating from a particular proton may 
appear in adjacent slices. 

little overlap &tween them (Howarth & Lilley, 1978). This 
feature aIso permits one to use extensive folding in the 13C(FJ 
dimension without the risk of introducing ambiguities. Fur- 
ther, this enables one to resolve problems associated with 
extensive chemical shift degeneracy. Fm example, &en if the 
P H ,  I3Ca, and CSH chemical shifts of two residuB are de- 
generate, one can still ascertain that two residues rather than 
one are involvd and trace out the connectivities for the re- 
mainder of the two spin systems, providing the I3CB chemical 
shifts of the two residues are different. 

The HCCH-COSY experiment is particularly usefu1 for 
identifying Gly, Ala, Thr, and VaI spin systems, as we11 as 
amino acids of the AMX trpe (e.g., Ser, Cys, Am, Asp, His, 
Tyr, Phe, and Trp). This is illustrated in figures 3-5. Figure 
3 principally demonstrates the use of the HCCH-COSY ex- 
periment for the assignment of Gly and Ser spin systems. Both 
these residues tend to pose problems in conventional 'H-'H 
correlation spctra as the proton resonam are often very cIose 
to each other. Each slice corresponds to several I3C shifts 
separated by 20.71 ppm. Gly I3Crw shifts oocur at 4246 ppm, 
while I3Crr and I3CB shifts of Ser occur at 55-60 and 61-67 
ppm, respectively. The two Gly P A  protons are attached to 
the same Ca: carbon, so that a symmetric pattern appears 
about the diagonal. The same is true, of course, for D-meth- 
ylene protons. However, the @-methylene protons are also 
associated with cross-peaks to the C% proton. Consequently, 
there is no difficulty in deciding which peaks originate from 
C=aH protons of Gly and CBH protons of either Ser (left-hand 
and middle top panels of Figure 3) or another AMX spin 
system such as Phe whose C@ has a chemical shift similar to 
that of the Gly Car (right-hand top panel of Figure 3). The 
assignment of the Ser spin system is easily checked by exam- 
ining the slices corresponding to the CLI~ and Q chemical shifts 
of Ser (e.g., left-hand and middle bottom panels of Figure 3). 
In this respect, we note that in conventional 'H-lH correlated 
spectra it is often difficult to ascertain the CW and CBH 
chemical shifts of Ser for cases where the CQ shifts are 
degenerate, as the latter may lie to both low and high field 
of the CaH shifts. In the case of the HCCH-COSY experi- 
ment, this is simply resokd as the 13C chemical shifts of the 
Ca and C@ carbons differ by 2-10 ppm, with the col resonance 

3 

c 

6 5 4 3 2 1 
1H m Ippm) 

FFGURE'j- selected sli& at different 13C ( F  chemical shifts of the 

trating wnnwtivities from the to CW protons for AMX spin 
systems. In the bottom panel, two cross-peab from the CTI to the 
C'H protons of a lysine residue are assigned. These peak originate 
from one of the four lysine residues (out of a total of IS  lysines v n t  
in L I B )  for which cornptete side-chain assignments could not be 
obtained. 

always upfield of the Cg one. Exampies of other crampeaks 
arising from the CW protons of AMX spin systems are il- 
lustrated in Figure 4 for a number of Tyr, Phe, Am, and Asp 
residues. The assignment of Ala spin systems is also cam- 
pletely straightforward as only two 13C and 'H shifts are 
involved. 

Thr and Val spin systems display characteristic connectiv- 
ities originating from the C% protons to the P W  and O H  
methyl protons. The T h r  Co chemical shifts are at 7&73 ppm, 
while those of Val are at 31-37 ppm, so the rross-peab arising 
from a proton of a Val or Thr residue can be distinguished 
(irrespective of arguments based on C@H chemicaI shifts) even 
when the chemical shifts of the two methy1 proton resonances 
of Val are degenerate. Some examples of connectivities arisihg 
from the Cm proton of Thr are illustrated in Figure 6 (middle 
panel). 

Despite the resolution afforded by the 13C(F2) dimension 
in the HCCH-COSY experiment, problems stilt remain with 
regard to the assignment of other spin systems. For example, 

HCCH-COSY spectrum of uniformly lSN/ 3 3C-labeled ZLl@ illus- 
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FIGURE 5 Amount of net intraresidue carbowcarbon magnetkition transfer accun-hg during the DTPSI-3 mixing period in the HCCH-TOCSY 
experiment, assuming a relaxation rate of 13C magnetization during isotropic mixing q u a l  to 33 s-l. Because of Jcc dephasing during the 
61.62, and 12 periods in the pulse sequence (see Experimental Prmxdures), the curves should be shifted toward the left by several milliiecxrnds 
for predicting the cms-peak intensities observed in the HCCH-TOCSY spectrum. Crass-peak intensities in the HCCH-TOCSY experiment 
are proportionat to the amount of c a r b o m r b o n  magnetization transfer but are attenuated 2-fold if one of the carbons has two magnetically 
inequivalent protons attached and 4-fold if botb carbons have nonquivalent protons attached. R e d u d  effective carbon+arbons I couplings 
(Bax et a]., 199Qb) have been used for caIculating thcsse graphs: Ser, Jd = 35 Hz; Ala, J d  = 25 Hz: Thr, J4 = 20 Hz, Jfly = 35 Hz; Glu, 
Jd = 30 Hz; I = J = 33 Hz; Lys, J ,  = 30 Hz, Jar = Jsa = Jk = 33 
Hz; Leu, J4 = $T-= 30 Hz, Jra = 33 Hz; Ile, Joge = J- = 27 Hz, Jh = J = 30 Aif6multiple-bnd carbon-carbon coupIings are assumed 
to be zero, and couplings between aliphatic and carbony1 resonances have &en neglected bemuse the large mnztnce  chemical shift difference 
between the aromatic and carbonyl nuclei on the one hand and the aliphatic carbons on the other reduces their effective J oouplings to aliphatic 
carbons (Shaka et al., 1988; 3ax et al., 1990b). 

- 33 Rz; Val, Y* = 27 Hz, Jh = 30 Hz; Pro, Jns = 27 Hz, J 

it is frequently the case for Gln, Glu, Met, and Leu spin 
systems that the chemical shifts of the @H and C W  protons 
are similar and sometimes degenerate. Consequently, it is 
often difficult to Iccate the CsH-CYH oonnectivities unam- 
biguously in the HCCH-COSY spectrum. These problems 
are even further exacerbated far longer sidschain spin systems 
such as Arg, Pro, and Lys. The same problem presents itself 
in the interpretation of regular 2D 'H-lH COSY type spectra 
and can be circumvented by meam of experiments that detect 
not only direct but relayed through-bond connectivities, for 
example, relayed COSY and HOHAHA/TOCSY spectros- 
copy. SimiIarly, the ambiguities presemt for longer sidechain 
spin s y s t e d n  the HCCH-COSY experiment can be r d v e d  
unambiguously by recording an HCCH-TOCSY experiment 
in which carbon magnetization is transferred along the carbon 
chain by isotropic mixing. 
In order to ensure that the HCCH-TOCSY experiment is 

recorded under conditions which are optimal for the obser- 
vation of reiayed connectivities, it is essential to consider in 
detail the expected theoretical cross-peak intensities as a 
function of isotropic mixing time. As discussed previously (Bax 
et al., 1990b), the DIPSI-3 sequence (Shaka et al., 1988) is 
ideally suited for isotropic mixing of magnetization. For 
the case of I3C with relatively large homonuclear couplings 
(3+40 Hz), the DIPSI-3 sequence can cover a bandwidth of 

1.0 

1.5- 

4.5 - 
5.5 

F3 @Pm) 
FIGURE 6: Selected dices at different 13C(F2) chemical shifts of the 

and third panels) spectra of uniformly '5N/13C-labeled %,la prin- 
cipally illustrating Thr spin sysems. Note that the direct crH-O% 
and CW-@H cross-peaks for the threonine spin systems are either 
very weak or absent in the HCCB-TOBY spectrum but are strong 
in the HCCH-COSY spectrum. 

ca. f0.75, where v is the strength of the applied 13C rf fieId. 
Thus, on a 500-MHz spectrometer, an rf f ied strength of only 
-7 kkk is needed for efficient isotropic m i x i i  of the aliphatic 
resonances. On our inverse 'H ph  head, this requires 12.5 
W of rf power, which is sufficiently low to permit mixing for 

HCCH-TOCSY (fmt and fourth pawls) a d  HCCH-CQSY ( m d  
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dmations as long as 25 ms without cawing substantial sample 
heating. The rate at which magnetimtion is t r a n s f e d  from 
one carbon to its neighbor depends on the size of the effective 
S coupling, Ja, present during the mixing perid. For coupled 
I3C nuclei with widely different chemical shifts (e.g., Thr-Cp 
and -Cy), the effective 3 coupling can be substantially smaller 
than the real J coupling (Bax et al., 1990b). This results in 
a significant d u d o n  in the rate of IC magnetktim transfer 
which must be taken into account in simulations of the 
magnetization transfer process. 

Figure 5 shows the alcuIated fraction of magnetization that 
is transferred from m e  carbon to another as a function of the 
length of the isotropic mixing period for various amino acids. 
These simulations employ approximate values for the effmive 
d couplings that are smaller than the real S couplings 
(Tran-Dinh et al., 1974; Jogn et al., 1974; Kri~din & Kalabin, 
1989). This apparent reduction depends on the difference 
between the I3C shifts of the coupled 13C resonances and was 
estimated with an rf field of 7 kWz and a 13C frequency of 
125.76 MHz (i.e., a SOO-MHz spectrometer). It should be 
noted, however, that the general shape of these curves does 
not depend strongly on either the rf field or the magnetic fieId 
strength. In all the simulations, the presence of carbonyl or 
aromatic carbons has been neglected because the effective J 
coupling during isotropic mixing to the aliphatic rrarbon is very 
small (<lo Hz). In addition, for shplicity, the magnetization 
of all I3C nuclei was assumed to relax at  a rate of 33 SI during 
the isotropic mixing period. Because in-phase and antiphase 
magnetization components that participate in the magneti- 
zation transfer process relax at different rates, a proper MI- 
a lat ion of the pertinent relaxation rates occurring during 
isotropic mixing is rather compIex. The relaxation rate used 
for the simulation corresponds to the magnetization transfer 
pathway that results in cross-peaks, assuming a chain of 
methine carbons, tumbling isotropically with a correlation time 
of 10 ns and an order parameter SL of 0.85. In practice, of 
course, I3C relaxation rates will vary mer a substantial range, 
depending on the ]oca1 order parameter @e., internaI mobility) 
and on the number of protons attached to the I3C nucleus. 
Thus, the curves shown in Figure 5 provide only an approx- 
imate, but very usefuI, guide of what magnetization transfer 
to expect for a given mixing time duration. Calculation of 
exact cuwes would require accurate knowledge of 'JCc cou- 
plings, 13C chemical shifts, and longitudinal and transverse 
'IC relaxation rates. Cross-peak intensities observed in the 
HCCH-TOCSY experiment are proportional to the amount 
of carbon-carbon magnetization transfer but are attenuated 
Mold if one of the carbons has two magneticaIly inequivalent 
protons attached and Cfold if both carborn have nonquivalent 
protons attached. 

For the simplest case of a two-spin system, transfer of 
magnetization from one carbon to its neighbor occurs in a 
cosinusoidal manner (Braunschweiler & Emst, 1983), with 
a period of 1 /J& For Ala, the CEY and Cg resonances differ 
in chemical shift by - 33 ppm, and consequently, Jd (25 €32) 
is much smaller than the real J c , a  coupling (35 Hz). For 
Ser, the difference in Ca and Co shifts is typically small (<lo 
ppm) so that the effective J coupling will be close to its normal 
value (37 Hz). As a resuIt, magnetization transfer between 
the Ca and cfl carbons occurs faster for Ser than for Ala 
residues (top left-hand panel in Figure 5). For other two- 
carbon systems (i.e.. His, Phe, Tyr, Trp, Cys, Asp, and Am) 
magnetization occurs at a rate that is intermediate between 
the Ala and Ser curves. Similarly, the JW coupling for Thr 
is close to its regular vaIue as the Ca - C@ chemical shift 
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difference is typicaIly less than 10 ppm, whereas tbe .Im 
coupling is reduced by almost 50% because of the large C@ 
- Cr chemical shift difference (-50 ppm). Even though the 
carbon topoIogy of the Thr side chain is the same as that for 
Glu, the reduction in the Thr JmT Goupling caused by offset 
effects makes h e  transfer of magnetization from the Cfl to 
the Cy carbon considerably less efficient in Tbr than in Glu, 
as is readily seen in Figure 5. The transfer efficiency shown 
for Glu also applies to Gln and Met. 

The magnetimtion transfer efficiencies in Pro and Arg are 
a h  very similar, although transfer to the C6 of Arg may oflm 
appear more intense than that for the C6 of Pro due to the 
frequently observed increase in mobility at the end of the long 
Arg side chain. For both midues the effective Jw wupling 
is significantly smaller than the real J coupling because of the 
large difference in Ca and Cg chemical shifts. Mote that if 
all one-bond Jm couplings were identical, transfer from Ccw 
to CB would follow the same curye as transfer from C6 to Cy 
and transfer from Ca to Cr would be identical with transfer 
from C6 to CP. For Lys, Jwfl k expected to be only slightly 
s n d e r  than the other one-bond couplings. n u s ,  transfer from 
CE to C6 (not shown) follows the same pattern as from Ca 
to Cg, and so on. 

The curves shown in Figure 5 are caIculated for net 
magnetization transfer during the isotropic mixing period 
alone. In practice, however, dephasing of I3C magnetization 
also occurs during the 61 and 62 periods (cf. the HCCH- 
TOCSY pulse scheme under Experimental Prooedures). This 
has the effect of shifting the curves displayed in Figure 5 to 
the left by several rnillismnds. In addition, Ja dephasing 
OCCUTS during the evolution period tZ. This also results in a 
left shift of tbe curves, but by a variable amount depending 
an the t2 duration, and, in addition, causes F2 line shapes to 
deviate slightly from the ideal absorptive phase. 

From analysis of the theoretical curves shown in Figure 5, 
we concluded that an isotropic mixing time in the range 2 3 0  
rns was optimal for the observation of d a y 4  connectivities. 
Examples of different sorts of relayed connectivities observed 
in the 24-rns mixing time HCCH-TOCSY spectra are illus- 
trated in Figures 6-10. 

Figure 6 iIlustrates some Thr spin systems and affords a 
comparison of the HCCH-COSY and HCCH-TOCSY 
spectra. The top two panels in Figure 6 are taken at the same 
13C chemical shift of 21.17 ppm and illustrate the connectivities 
that are observed from the C W  proton of Thr in the 24-ms 
HCCN-TOCSY (first panel) and the RCCH-COSY (second 
panel) spectra. In the HCCH-COSY spectrum, a strong 
cross-peak corresponding to the direct connectivity to the CQ 
proton is observed, while in the HCCH-TOCSY spectrum a 
strong cross-peak arises from the reIayed CrH-C'H mnnec- 
tivity. As predicted from the simulations (Figure 5), the direct 
P H X f i H  connectivity is not observed in the HCCH-TOBY 
spectrum recorded with a 24-m isotropic mixing time. In the 
case of Val, on the other hand, the intensities of the relayed 
C'H-Cq and direct CTH-CQ cross-peaks are comparable 
and slightly weaker than that of the relayed CWH-CYbH 
cross-peak between the two methy1 carbons (cf. the theoretical 
curves in Figure 5 and the experimental data in the bottom 
panel of Figure 6 and the top two panels of Figure 9). 

Figure 7 illustrates relayed connectivities originating from 
the P H  proton for a number of different amino acid spin 
systems in the 24-ms HCCH-TOCSY spectrum. Note that 
complete spin systems may be delineated not only for AM- 
(PT)X spin systems such as Glu, Gln, and Met (see slices at 
53.38, 55.03, 56.68, 57.99, and 58.65 ppm) but also for Val, 
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FIGURE 7: Selected slices at different 13C(F,) chemical shifts of the 
HCCH-TOCSY spectrum of uniformly 'SN/'3C-labeIed IL- 16 il- 
lustrating relayed connoxi t ies  originating from the C"H proton of 
several longer side chain amino acid spin systems such as Glu, Gln, 
Met, Pro, Arg, and Lys. 

Pro, Arg, and Lys. It should be noted, however, that the Cp 
and Cr chemical shifts of Met are very similar, and likewise, 
the difference in C@ and Cr chemical shift for Gln and Glu 
may be as small as 1 pprn (e.g., Glu- 1 11 in Table I). Con- 
sequently, it is essential in these cases to verify the identifi- 
cation of the direct C*HGC?H ConnBctiVIties with the HCCH- 
COSY eqxHment, even though the intensity of the cPH4FH 
cross-peaks is usualiy significantly stronger, and nwer weaker, 
than those of the direct CuH-C@H cross-peaks in the 24-ms 
HCCH-TOCSY slxctrum. ExampIes of Val spin systems are 
evident at SL3C = 57.99 ppm (Val-58 and Val-85) and P C  
= 58.65 ppm (Val-19 and Val-72). In the case af the Val spin 
systems, the intensit& of the direct C"H4YH and relayed 
CW-OH cross-peaks are comparable, although the latter 
tend to be slightly stronger k a u s e  the C'H proton r m a n c e  
is narrower than the CFH one. Complete spin systems for 
several Leu residues (Leu-6, Leu-29, Leu-31, ]Leu-60, Leu-73, 
lieu-80, and Leu-82) may be seen in the slices at 6% = 53.38 
and 55.03 pprn, and the intensities ofthe direct CTMYH and 

I 

6 5 4  3 s i  0 
1H F? (w) 

FTGURE 9 Selected s l i m  at different "C PI) chemical shifts of the 
HCCH-TOCSY spectrum of uniformly ~5N/13C-labetcd L I B  il- 
lustrating multiple relayed mnectivities originating from the CrH, 
protons of Val, the c 6 H 3  and C'H protons of Leu, and the CVH protons 
of Lys. 

relayed c*H€W and CaH-CBH cross-peah are usuaEly 
comparable, as expected for a miKing time of 24 ms from the 
theoretical curves in Figure 5. Two Ile residues at aZ3C = 
56.68 pprn (11e-56) and 8% = 58.65-59.30 ppm (He-10s; note 
that the P H  and methyl resonances are superimposed) 
are also present in Figure 7. For this spin system, the ratio 
of cross-peak intensities tends to follow the pattern 
> C*H<'H --c"H4YH > C*H-CrH. Although the latter 
cross-peaks are weak, they are still clearly deteciabIe, which 
is rarely the case in conventional zH-'H 2D HOHAHA 
spectra of much smaIler proteins of 4*60 residues. 
As discussed above in relation to the theoretical SimuIations, 

the hhavior of Pro and Arg spin systems in the HCCH- 
TOCSY spectrum should be similar, with the proviso that 
connecthities to the C'H proton of arginine wouId be expected 
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Table I (Continued) 
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sponding to the N-terminal Ala-1 and the des-Ala-l forms of IL-IB (Drisooll et d., 1990a). P2* refers to the des-Ala-I form. 
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FIGURE 10: SeIected stices at different '3c(F2) chemiml shifts of the 
HCCH-TOCSY s p t r u m  of uniformly 15N/13C-labeld IL-lfl il- 
lustrating connwtivities originating from the and C'H protons 
of Glu and GZn, the C W  protons of Arg, the @H, '33, and C'H 
protons of Lys, and the CYH protons of Ile. 

to be significantly e n h a d  for exterior side chains due to an 
increase in mobility as one proceeds outward along the Arg 
side chaim In contrast, intensities of cross-peaks to the 42H 
of proline would be expected to be reduced on account of the 
motionaI restrictions imposed by the five-membered proline 
ring. This is indeed what is observed: the CaH-C'H con- 
nectivity for Arg-98 at S13C = 57.99 ppm is clearly stronger 
than the C"(H-C@H and PH-CTH moss-peah, while for 
Pro-23 and Pro-87 at  613C = 63.57 ppm the CaH-CaH 
cross-peak intensities are comparable or weaker than the ather 
two. En the same slice as these two Pro residues, one can also 
see the complete Arg-4 spin system originating from the csF_x 
protons at 6*3C = 42.87 ppm, with cross-peak intensities 
following a characteristic order, CH-H > C*H-GrH - 
@H-CrSH, in agreement with theoretid expectations (Figure 

5). FhaIly, complete Lys spin systems originating from the 
C W  proton are also cIearIy seen in Figure 7 (cf. Lys-94 at 
613C = 53.38 ppm, Lys-55 and Lys-74 at 8°C = 55.03 ppm, 
Lys-93 at 6°C = 58.65 ppm, and Lys-97 at P C  = 54.30 
ppm). Note how easily the CuH+H, C"H-C?H, and P H -  
CW relayed cross-peaks are observed. In this repect  it is 
worth pointing out that, even in small proteins of 4 0 6 0  r e -  
idua, it is rare to be able to delineate complete lysine, arginine, 
and prohe spin systems originating from the P H  proton by 
use of conventional ZD 'H-W HOWAHA spectroscopy, as 
even there the ratios of line widths to 'H-IH threebond 
couplings are unfavorable for efficient magnetization transfer. 
As aIready noted, the interpretation of the HCCH-COSY 

and HCCH-TOCSY spectra is rendered essentially fmlproof 
through extensive cross-checks affoxded by examining the 
connectivities between *H resonances observed at all the 
corresponding I T  shifts of the directly hnded 13C nuclei. This 
prmdure is iIlustrated in Figure 8, which shows a series of 
relayed connectivities originating from the C6H (10.66 and 
12.96 pprn), C93 (15.26 and 16.57 ppm), and C?H (39.91 
and 40.90 ppm) of four Ile residues (Ne-56, -104, -106, and 
-122). In virtually every case, the complete Ile spin system 
is identified from each of these starting pints, thus confirming 
the 'H assignments derived from the mnnectivities originating 
at the C*H protons and providing the 13C chemical shifts of 
the other carbon atoms. It is worth pointing out here too that 
while in small proteins the CBH and CWii resonances are 
relatively easily identified in 2D IHJH COSY and HOH- 
AHA spectra, connectivities to the C'H and c6H resonances 
are often difficult to observe owing to large unresolved mul- 
tiplet widths of the C W  resonances. In the HCCH-TOCSY 
spectrum, however, assignment of these protons is a simple 
matter. 

A similar series of connectiviti~ for Leu residues originating 
from the CSH methy1 (slices at 613C = 22.16,23.80, and 24.79 
ppm) and O H  protons (slice at 6I3C = 25.45 ppm) is shown 
in Figure 9. It may be noticed that the (2% to CBH relayed 
peaks and the direct C W e H  peaks tend to be rather weak 
and sometimes even absent, in complete agreement with the 
simulations shown in Figure 5, so that the HCCH-COSY 
experiment (or alternatively a short 8-10-111s mixing time 
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HCCH-TOCSY experiment) still has a valuable role to play 
in confirming the identification of the Leu C'?H resonanoe 
pwitions. 

Finally, a number of connectivities originating successively 
from the CW (PC = 33.34 ppm), (613C = 29.06 pprn), 
and CM (PC = 41.88 pprn) protons of Lys and from the CrH 
proton of Arg (S13C = 27.09 and 29.06 ppm) and the CfH 
protons of Glu (6I3C = 35.3 1 ppm) are shown in Figure 10. 
As in the previous examples, complete or virtually complete 
spin systems can be delineated starting from the different-side 
chain protons, thereby providing multiple checks on the as- 
signments. 

It is clear from the above exarnpIes that the combined use 
of the 3D HCCH-COSY and HCCH-TOCSY spectra prc- 
vides a very powerful means for the unambiguous assignment 
of both the 'H and 13C chemical shifts of the side-cbain protons 
and carbons, Using these spectra, we were able to obtain 
complete 'H and I3C assignments for the aliphatic side chains 
of all residues with the exception of only four lysine residues 
(Lys- 16, Lys-63, Lys-92, and Lys- 103) for which partial as- 
signments were obtained. A complete list of assignments is 
provided in Table I. 

The absence of complete connecthities for four of the lysine 
residues may be due to multiple sidechain conformations or 
to line broadening reducing the efficiency of mawetization 
transfer. Line broadening may arise from conformational 
resttiction of lysine side-chain pOSitiQIB (cf. the lysine residue 
in the bottam panel of Figure 4 with nonequivalent bH as 
well as CY4 resonances, which additionally attenuates cross- 
peak intensities) or from an intermediate exchange process. 
The latter may well be the case for Lys-63 as the I5N line 
width of the backbone amide group of this residue is exten- 
sively broadened by a chemical exchange contribution to X2 
(Clore et al., 1990b). 

For completeness we have also included in Table I the IH 
chemical shifts of the aromatic protons together with the "C 
shifts of their directiy h n d e d  carbons. The 'H aromatic spin 
systems had previously been delineated by 2D 'H-'H c o r m  
lation methods (P.COSY and HOHAHA) and sequence 
specificalIy assigned from the observation of characteristic 
intramidue NOES from the aromatic ring protons to the WH, 
C"H, and CW protons (Driscoll et al., 1990a). With these 
assignments in hand, the assignments of the I3C shifts of the 
aromatic carbons attached to protons ifivdved in intraaromatic 
NO& wuld be obtained in a trivial manner from a 3D 'H-'% 
NOESY-HMQC spectrum (data not shown). The Iatter ex- 
periment was necessary as the present HCCH-COSY and 
HCCH-TOBY experiments in which the carbon m-rier was 
p I a d  at 43 ppm could not be used to detect correlations 
involving aromatic carbons owing i o  the fact that tbe aromatic 
carbons resonate at the downfieid end of the spectrum at - 130 ppm. As a resuIt, adequate sefmsing of I3C chemical 
shifts of aromatic carbons by the 13C 180° puIm before and 
after the I3C 90" COSY mixing PMlSe was not obtained in the 
case of the WCCH-COSY experiment (cf. pulse sequence 
under Experimental procedures), and the rf fieId strength used 
in the HCCH-TOCSY experiment was too weak to permit 
efficient isotropic mixing Qf the aromatic carbons. 

The aliphatic I3C sidechain assignments provided in Table 
I provide a reasonabIy large and comprehensive database of 
13C chemical shifts in proteins and expand on the previously 
availabIe data on isolated amino acids and smaII peptides (Levy 
& Nelson, 1972; Howarth & Lilley, 1978) and the partial 
assignments recently obtained for staphylococcal nucieaaa by 
2D heteronuclear methds (Wang et aI., 1990). The distri- 
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PiGURB 1 I : Summary of the 13C chemiml shift manges observed for 
the different carbon atoms and diiferent midue types in L I P .  The 
number of raidues present in I t l a  for each amino acid type is 
indicated at the left-hand side of the figure. In a e  case of the Pro 
residues, there are two sets of c h i d  shifts for Pro-2 corresponding 
to the N-terminal Ala-1 and des-Ala-1 forms of IL-lP (Driscoll et 
al., 19908). Complete I3C assignments were obtained for I I out of 
the 15 lysine residues: no I3C shifts were obtained for Lys-63, only 
I3Ca shifts were obtained for Lys-92 and Lys-103, and only 13Ca, 
I3C@, and I3Ce shifts were obtained for Lys-16- 

bution of aliphatic chemical. shifts in for the different 
amino acid residues is summarized graphically in Figure I 1. 
The chemical shifts are comparable to those established for 
isolated a d o  acids and small peptides, but not surprisingly, 
the range for each carbon type are significantly larger. The 
information provided in Figure 11 may therefore serve as a 
useful aid in future assignment work. In general, chemical 
shifts are usuaIIy difficult to interpret. Nevertheless, empirical 
correlations may be of some use if treated with appropriate 
caution. For example, it has been noted in peptides that the 
Ca chemical shift of the residue preoeding a proline is -2 ppm 
upfield from its characteristic value (Torchia et al., 1975). 
There are eight prolines in IL-1fl at positions 2, 23, 57, 78, 
87,91, I 18, and 13 1. In five cases, the Car chernhl  shift of 
the preceding residue (Ile56, Lys-77, Asp-86, Phe-117, and 
Met-130) has the most upfield chemical shift in its repidue' 
class, while in another two (Ala-I and Gly-22) the Ca chem- 
ical shift is clearly at the upfield end of its range. In the case 
of Tyr-90, which p r d w  PM-91, there is no C I ~ T  correlation. 
This, however, may have to do with the fact that the Tyr- 
9&Prc~9 1 peptide bond is in the cis conformation as evidencad 
from the observation of characteristic c"H-CuH sequential 
NOES between Tyr-90 and Pro-91 in the I H - T  HMQG 
NOESY spectrum, in agreement with the crystaltographic 
findings for the X-ray structure of IL 1 @ (Finzel et al., 1989). 
The other proline residues, on the other hand, are all in the 
trans conformation as judged from both the NMR and X-ray 
data. In this regard, it is worth noting that, just as in the ax 
of small. peptides (Howarth & Lilley, 1978), the C@ and Cy 
chemical shifts of the cis-proline at position 91 are about 1 
pprn downfield and 2 pprn upfield, respectively, of the corre- 
sponding shifts for the tram-proline residues. 

CONCLUDING REMARKS 
The determination of protein structures in solution by NMR 

depends on the identification of a very large number of short 
(<5 A) approximate interproton distance restraints derived 
from NOE measurements [see Wfithrich (1986, 19&9), Clore 
and Gronenborn (1987, 1989), and Gronenborn and Clore 
(1990) for reviews]. A key requirement in this procedure 
invoIves not simply the assignment of the backbone 'H reso- 
nances CNH and CaH) but equally importantly that of the 
side-chain resonances. Even for proteins of 50-100 residues, 
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it is often difficult to obtain compIete side-chain assignments 
for long side chain amino acids such as Lys and Arg. This 
is not simply due to spectral overlap but to the relatively large 
IH line widths which render magnetization transfer through 
homonudear 'H-'H oouplings inefficient. Further, even when 
these assignments are made, extensive spectral overlap often 
precludes their use in the identification of NOESY m s - p e a k  
The data presented in this paper clearly show that 3D het- 
eronuclear methods based on magnetization transfer via large 
one-bond rH-15N, tSN-13C, ]HJ3C, and 13C-'3C couplings 
are highIy efficient and sensitive even for molecules the size 
of L l B ,  which comprises 153 residues. In this respect we 
note that all the 3D spectra were recorded on a single 1.7 mM 
sample of uniformly '5N/13Glabeled protein and the limiting 
factor in the duration of the experiments was not the sig- 
nal-to-noise but the minimum number of phase cycles required 
to reduce spectral artifacts to an acceptable leveI. h d e d ,  all 
the 3D heteronuclear correlation spxtra for the praent paper 
were recorded in just I week of measuring time. Further, with 
the addition of a third dimension afforded by the I3C nucleus, 
problems assmiated with extensive monance overlap which 
are invariable present in the 2D IH-'H and lH-13C spectra 
of proteins the size of €1-1 B are completeIy overcome. 

To our knowledge, the 'H, 15N, and I3C assignments of 
IL- 1 provided by this paper and the preceding one { Driscoll 
et al.: 1990a) represent the first example of a protein larger 

'than 15 kDa for which essentially complete assignments of 
both backbone and side-chain resonances have been obtained 
by heteronuclear 3D NMR rnethds. Given that the attainable 
praision of a protein structure determination depends crucially 
on maximizing the number of approximate interproton distance 
restraints (Drimll  et al., 1989a,b; Rraulis et al., 1989$, vir- 
tually complete assignments represent the necessary prere- 
quisite in that endeavor. With the assignments for IL-IS 
firmly in hand, the way is now open for the full determination 
of a high-resolution 3D structure of 11- €B in solution by 3D 
IH-I5N and 'H-W HMQC-NOESY spectroscopy, as we11 
as 4D 13c/15N a d  13c/13C edited NOFSY spectrosoopy (Kay 
et al., 199Oc), at a precision comparabIe to the best that is now 
attainable for smaller proteins (ECraulis et al., 1989; Qian et 
al., 1989; Clore et al., 1990a). 
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